Abstract: Multimode polymer waveguides and out-of-plane bends are fabricated to create a waveguide sensor array capable of excitation and detection of fluorescence based sensors.
Introduction
Fluorescence based sensors are used for determining environmental parameters such as dissolved oxygen or pH in biological systems. Such optical sensing techniques can provide real time monitoring capabilities without disturbing a biological system's equilibrium. Recently, there has been a drive to provide biological analysis tools in a compact form, usually resulting in arrays of miniature devices which can perform multiple functions or operations in parallel such as bacteria cultures, cell counting, or DNA analysis [1, 2, 3] . As these new types of chips become more integrated and parallel, the amount of sensors required for them increases. As more sensors are added, off chip components such as photodetectors, LEDs, and fibers also begin to scale linearly, causing problems for chips meant to be compact and easy to use.
In an effort to simplify and integrate the detection side of these systems, a platform is being developed which utilizes the same polymer materials used for these chips to create integrable optical components. With this new fabrication method, waveguides, power splitters, combiners, and bends can be introduced and integrated cheaply into existing biochips. By combining these elements, arrays of small devices capable of out-of-plane detection are possible, decoupling the biological design from the transducer design. The ability to create waveguides with large cores increases the collection efficiency for fluorescence based sensors. For the materials and dimensions of the fabricated device, a waveguide would have a numerical aperture of 0.62 and hold approximately 4200 modes.
Fabrication
Polycarbonate master molds are cut using a CNC mill to fabricate 800 µm thick waveguides and 30 degree bends. Roughness due to milling is then reduced through chemical vapor polishing. After the master mold is created, PDMS (Dow Corning Sylgard 184) is used to replicate the structure and create the cladding. Since the refractive index difference between the PDMS (n=1.43) and the core material, NOA 71 from Norland Products (n=1.56), is too low to bend light out of plane using total internal reflection, 250 nm of silver is then e-beam evaporated onto the angled faces of the stamp. A 1 mm thick piece of PDMS is then bonded to the bottom mold to seal the channels. The core material is filled into the waveguide channels and then the device is cured under UV illumination. The oxygen sensors used for this experiment are created by a mixture of Platinum(II) octaethylporphine ketone (PtOEPK) [4] and polystyrene deposited on glass disks. This fluorescent dye has a maximum absorption at 592 nm and emits at 759 nm. 
Results and Discussion
The waveguide array fabricated by this process, shown in Figure 1 , is designed for sensors located 1 mm above the guides. In order to optimize the waveguides for collection at this distance, a Monte Carlo ray tracer was developed to determine a bend angle which provided the best overlap between excitation from the input bend and collection from the output bend. At 30 degrees, the intensity profile from the input bend overlaps the collection area of the output bend where the sensor is located. Simulations comparing the same device created with 45 degree bends and 30 degree bends show a factor of 2 increase in collected fluorescence for 30 degree bends.
Waveguides exhibit a propagation loss of 0.313 dB/cm at 585 nm and a measured output NA of 0.34 which is much smaller than the ideal NA of 0.62 resulting from waveguide imperfections, similar to results by IBM [5] . While efforts to include scattering losses into ray tracing simulations under the assumption of sub-wavelength imperfections have been explored [6] , waveguides fabricated by this process exhibit much larger sidewall imperfections. Measured sidewall roughness shows a Gaussian distribution in slope and ray tracing simulations utilizing this distribution demonstrate both rapid mode filling and a decrease in NA. Silver mirrors evaporated onto PDMS measure reflectivities of 72% from a HeNe laser. The validity of the waveguide design is tested by replacing an oxygen sensor with a high reflectivity external mirror to direct the beam from the input guide to the output guide. A measured output power efficiency of 28% indicates that the illumination spot is well centered 1 mm above the input and output bends.
The experimental setup for measuring oxygen concentration consists of four modulated LEDs, which couple into the input guides through multimode fibers, and four photodetectors, one placed at each output guide to collect fluorescence. The oxygen sensors function by measuring the phase shift resulting from a decrease in fluorescence lifetime of PtOEPK dye in the presence of oxygen. While the four sensors measure the current oxygen concentration, a nitrogen stream is directed at one sensor. After two iterations, the stream is moved over a different sensor. Changes in oxygen concentration relative to the position of the nitrogen source, shown in Figure 2 , result since the sensors are all exposed to air. Each of the four sensors measures a maximum change in phase of 30 degrees with a standard deviation of 0.5 degrees from nitrogen to air. Fig. 2 . Plots of the oxygen concentration normalized to air measured by each sensor. Two alternating bursts of nitrogen and air were given to each sensor from sensor 1 to sensor 4 while the four sensors were simultaneously operating. All four sensors measure a decrease in oxygen relative to the position of the nitrogen source.
Conclusion
A polymer based optical backplane was fabricated in a PDMS chip consisting of large area waveguides, sharp bends, and silver mirrors. Measured waveguide propagation loss was 0.313 dB/cm and 30 degree mirror reflectivity was 70 percent. The ability to use such waveguides for efficient excitation and collection of fluorescence based oxygen sensors was demonstrated.
